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We have used antibodies specific to either the red/greenor blue-sensitive cones in order to compare their ratio and distributions to that of the rods in the retinae of 3 primate species that differ in their capacity for color vision. We have found that the monoclonal antibody CSA-1 (Johnson and Hageman, 1988) and the polyclonal antibody 4942A, specific to the red-and green-cone opsin (Lerea et al., 1989) , applied to retinal whole-mounts labeled approximately 90% of all cones in the diurnal Old-World rhesus monkey (Maccaca mulaffa) and all of the cones in the nocturnal New-World owl monkey (Aotus trivirg8fu.s) and nocturnal prosimian bushbaby (Galago garnet@. The polyclonal antibody 1088, specific to the blue-cone opsin (Lerea et al., 1989) , labeled about 10% of the cones across the entire surface of the rhesus monkey retina, but failed to label any cones in the retina of the 2 nocturnal species. Only the retina of the rhesus monkey possessed an all-cone foveola in which the density of cone inner segments was 17-fold greater than that in the fovea of the owl monkey or bushbaby retina. Surprisingly, the density of cones per unit area outside of the fovea was comparable in all 3 species. Rod density in the dorsal retina was elevated in all animals examined, but was 2-3 times greater in the nocturnal species than in the rhesus monkey retina. Application of the photoreceptor-class-specific antibodies may provide further insights into the evolution and development of wavelength sensitivity in the retina, as well as enhance our understanding of normal and abnormal color vision in humans.
The primate photoreceptor mosaic consists of 4 functionally distinct cell populations: the rods, which mediate scotopic vision, and 3 cone subtypes, which mediate photopic and color vision (e.g., Jacobs, 198 1; Rodieck, 1988) . The 3 classes of cones are distinguished by the presence of pigments that are preferentially sensitive to short (blue-sensitive cones), middle (greensensitive cones), or long (red-sensitive cones) wavelengths of light (Schnapf et al., 1987) . Knowledge about the distribution of these photoreceptor subclasses in diurnal and nocturnal primates could provide insight into the development, inheritance, and evolution of wavelength sensitivity in the retina and ulti-mately enhance our understanding of normal and abnormal color vision in humans (e.g., Greenstein et al., 1989) .
The relationship between color vision and the photoreceptor mosaic has been studied most frequently in Old-World macaque monkeys (Daw, 1984) . These are diurnal species that have a distinct fovea and a topographic distribution of rods and cones that is similar to that ofhumans (e.g., Jacobs, 198 1,1986; Curcio et al., 1987 Curcio et al., , 1990 Packer et al., 1989; Wikler et al., 1990) . In contrast, our knowledge about photoreceptors and color vision in New-World monkeys and prosimians is fragmentary. These species offer the opportunity to compare the retinae of primates that differ in their visual capacity or phyletic relatedness to either macaques or humans. For example, the owl monkey, which is the only living nocturnal anthropoid, has poorly developed color vision that is similar to that of protanomalous humans (Jacobs, 1977a,b) . There are only a few reports concerning color vision in nocturnal prosimians (Dartnall et al., 1965; Casagrande and DeBruyn, 1982) . These species are of considerable interest because they are an evolutionarily conservative group and may retain many characteristics of ancestors that are also common to monkeys, apes, and humans (Allman, 1978; Blakeslee and Jacobs, 1985) .
Traditionally, studies of the number and distribution of photoreceptors in macaques have relied on morphological distinctions such as the position of nuclei and the length, width, and shape of the outer and inner segments (Ahnelt et al., 1987) . However, studies of photoreceptor distribution in nocturnal anthropoids and prosimians have proved difficult because commonly used morphological criteria cannot reliably distinguish between photoreceptor subtypes.
In the past decade, immunologic markers have been developed that can distinguish between different photoreceptor subtypes. Initial antisera could only discriminate between rods and cones (Bamstable, 1980 (Bamstable, , 1987 Balkema and Drager, 1985; Akagawa and Barnstable, 1986; Lemon, 1986) . However, more recently, antibodies to different cone subtypes have been generated (e.g., Szel et al., 1988; Muller et al., 1989) . In the present study, we have used several antisera to different photoreceptor subtypes to examine their distribution. One of these is the monoclonal antibody CSA-1, which was initially reported to label only membranes of cones in the pig retina (Johnson and Hageman, 1988) . Further studies indicate that CSA-1 selectively labels both red-and green-sensitive cones, but not blue-sensitive cones, in the rhesus monkey (Wikler and Rakic, 1989) and pig (Rohlich et al., 1989) retina. We have also used antisera raised against synthetic peptides generated from amino acid sequences for cDNAs of human photopigment polypeptides (Nathans et al., 1986; Lerea et al., 1989) . These polyclonal antibodies selectively label red-and green-sensitive cones or blue-sensitive cones in the human retina (Lerea et al., 1989) . Our use of these antisera allow us, for the first time, to examine not only the ratio and distribution of rods versus cones, but also to assess the presence or absence of wavelength-sensitive cone subtypes. In the present study we have sought to determine: (1) whether all cone subtypes are present in nocturnal anthropoid and prosimian species, and if so, what are their cytological characteristics, dimensions, and pattern of distribution; and (2) how the distribution of photoreceptor subtypes is related to visual capacity in these 3 species (i.e., nocturnal vs diurnal).
Materials and Methods
Tissue preparation. Eyes from 4 rhesus macaque monkeys (Macaca mulatta), 4 owl monkeys (Aotus trivirgatus), and 4 thick-tailed bushbabies (Galago garnetti) were used for this study. Animals were deeply anesthetized with ketamine and sodium pentabarbitol prior to enucleation, then killed for unrelated experiments. The retinae were dissected free from other tissue layers of the eyes, marked for orientation, and briefly fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (Stone, 1981) .
Zmmunohistochemistry. Immersion-fixed retinae were rinsed in 0.1 M phosphate buffer (pH, 7.4) prior to overnight incubation in 1 of 3 antisera: GA-l, a mouse monoclonal antibody diluted 1: 1000 with 0.1% T&on-X 100 in 0.1 M phosphate buffer (pH, 7.4); 4942A, an affinity-purified rabbit polyclonal antibody against the polypeptide sequence for the green/red opsin diluted 1: 10 with 0.1% T&on-X 100 in 0.1 M phosphate buffer (pH, 7.4); or the 108B affinity-purified rabbit polyclonal antibody against the polypeptide sequence for the blue opsin diluted 1: 10 with 0.1% T&on-X 100 in 0.1 M phosphate buffer (pH 7.4). Following incubation in the primary antisera at 4°C retinae were rinsed in 0.1 M phoosphate buffer (pH 7.4) and incubated in biotinylated anti-mouse or anti-rabbit IgG for 1 hr at 22°C. The retinae were rinsed in several changes of phosphate buffer, then incubated in an avidinbiotin-peroxidase complex (Vectastain, Vector Lab., Burlingame, CA) for 1 hr. Retinae were then reacted using diaminobenzidine (0.05% 3,3-diaminobenzidine HCl and 0.003% H,O,). In some of the bushbaby retinae, the HRP reaction product was intensified by immersion in 0.1% osmium tetroxide for 30-50 sec. Retinae were whole-mounted on gelatinized slides with the photoreceptor layer oriented up, then coverslipped in glycerin. In 1 retina of each species, nonspecific staining was assessed by omission of the primary antisera using a restricted peripheral segment ofa retinal whole-mount. No immunolabeling ofphotoreceptor outer or inner segments was observed in these preparations.
Data collection and sampling procedures. Differential interference contrast (DIG) optics in combination with a video-overlay system was used to count photoreceptor outer or inner segments Sloan, 1986: Williams and Rakic. 1988: Wikler et al.. 19901 . DIC ontics enabled us to view different planes'of the photoreceptor inner and outer segments in retinal whole-mounts (Polyak, 1953) . As illustrated in Figure lA, rod and cone elements in unreacted rhesus macaque retinae were easily distinguishable by their size and shape near the level of the myoid (Borwein et al., 1980) . Cell counts of whole-mounted retinae were made using a 100x oil immersion objective with a final optical magnification of 2600x. Cells were traced on a video monitor and tabulated automatically using a microcomputer. Rods and cones were counted across the surface of each retina using a counting frame that had an area of 400 pm* for rods or 4550 pm2 for cones. Samples were made at an interval of every 0.25-0.5 mm in the periphery and every 0.1 mm toward the fovea. This counting method avoids many of the difficulties encountered in determining local photoreceptor densities (for review, see Williams and Rakic, 1988) . For example, correction factors for split cells (e.g., Abercrombie, 1946) were not needed because counts were taken from uncut tissue.
The cross-sectional area of rod and cone inner segments was measured at each sampling site. All cell-size measurements obtained within individual sampling sites were &5% of the mean. Photoreceptor counts The Journal of Neuroscience, October 1990, fO (10) 3391 were converted into local densities by calculating the number of either rods or cones per square millimeter.
Results

Rhesus monkey
The use of DIC optics allowed clear discrimination between rod and cone outer segments in unstained and unreacted wholemounts of the macaque retinae (Fig. 1A) . The diameter of cone outer and inner segments at any particular retinal eccentricity, outside of the rod-free foveola, was consistently larger than the diameter of rod outer and inner segments (Fig. 1A ). This distinct difference in size between rod and cone photoreceptors in the rhesus monkey enabled us to independently and unambiguously confirm the cellular specificity of the antibodies.
In the rhesus monkey, CSA-1 and 4942A labeled cones exclusively; we did not observe immunoreactivity in any rod profiles across the entire retinal surface ( Fig. 2A,B) . However, in addition to an absence of labeled rods, we observed a regular and periodic absence of CSA-1 or 4942A labeling in a small proportion of profiles across the photoreceptor mosaic whose large outer segments clearly identified them as a subpopulation of cones ( Fig. 2A,B ). An average of 10% of all cones were unlabeled in the entire retina, and this value varied between about 5% and 15% at different eccentricities. Additionally, the unlabeled cones were distributed in a regular pattern among labeled cones.
Analysis of the distribution of CSA-1 and 4942A immunoreactivity revealed that, though the topography of labeled cones was essentially identical for both antibodies, the localization of the reaction product within cones differed for these antisera. Immunoreactivity to the 4942A antibody was restricted to the cone outer segments. In contrast, the HRP reaction product in CSA-l-labeled retinae was found not only in cone outer segments, but in their inner segments as well.
Quantitative analysis of the topographic distribution of CSA-1 or 4942A immunolabeled cone profiles was similar to the distribution of the total cone population in macaque retinae determined by using DIC optics on unstained tissue (Figs. 3, 4, upper plots; Packer et al., 1989; Wikler et al., 1990) . The similarity is due to the fact that only 10% of all cones were left unlabled by either 4942A or CSA-1 in these immunocytochemical preparations. For example, the mean peak density of immunolabeled red/green-sensitive cones was 130,000 cones/mm2 at the foveola and decreased more than 2-fold to 25,000 cones/ mm2 within 100 wrn from this peak (Figs. 3, 4, upper plots) . These values are within the range of cone densities reported in previous studies (Curcio et al., 1987; Schein, 1988; Wassle et al., 1989) . From this region, there was a further 1 O-fold decrease in cone density to the periphery (2000 cones/mm2). In the rhesus macaque retina, the distribution of all cones ( Fig. 5A ; Perry and Cowey, 1985; Packer et al., 1989; Wikler et al., 1990) , red/greensensitive cones (Figs. 3, 4, upper plots) , and ganglion cells (Perry and Cowey, 1985) is elevated in the nasal quadrant. Cone crosssectional area was smallest in the foveola at 2.2 pm* and enlarged to as much as 30 pm2 in the periphery. Peak rod density in the rhesus monkey retina averaged 180,000 rods/mm2 and was found 3-4 mm dorsal to the fovea at the dorsal rod peak (DRP; Figs. 5A, 6A; Wikler et al., 1990) . From 5 to 15 mm from the fovea, the ratio of rods to cones ranged from 15 to 30: 1.
The polyclonal antibody 108B labeled a significantly smaller population of photoreceptors in the rhesus monkey retina. The large outer segments of labeled profiles identified them clearly as cones (Fig. 20 . Labeled outer segments were found across the entire retinal surface. As expected, the periodic distribution and density of 108B-labeled cones appeared to correspond to the distribution and density of unlabeled cones in the CSA-1 and 4942A immunoreacted retinae (cf. Fig. 2B,C) . The peak density of blue-sensitive cones was 3000 to 4000 cones/mm* and was localized near the fovea. Although there was a limited region near the center of the foveola that lacked 108B-labeled cones (approximately a 5-receptor-square area), blue-sensitive cones were found throughout all other regions of the fovea. From the central peak, the density of blue-sensitive cones decreased to a low of 200-500 cones/mm2 in the retinal periphery (Figs. 3, 4, lower plots). Thus, there was a 20-fold decrease in bluesensitive cone density in comparison to the 50-fold center-toperiphery gradient in the density of red/green-sensitive cones. The average ratio of red/green-to blue-sensitive cones was about 1O:l but varied with retinal eccentricity from 15:l in the far temporal periphery to approximately 8:l near the optic disk. Additionally, the topography of blue-sensitive cones indicated that the rate of change in density of this cone subtype was more gradual than that determined for the red/green-sensitive cones.
Owl monkey
The size difference between cones and rods is much less pronounced in the owl monkey than in the rhesus monkey, Nevertheless, photoreceptor cell types in whole-mounted owl monkey retinae could be readily identified using DIC optics (Fig. 1B) . Both the CSA-1 and 4942A antibodies labeled cones exclusively (Fig. 2D,E) . However, in contrast to the results obtained for the rhesus monkey, both antibodies labeled all cone cell profiles. Every profile, independently identified as a cone on the basis of its relatively larger inner segment, was immunolabeled by the 4942A antibody. Comparison of immunolabeling in the owl and rhesus monkey retina showed that a similar distribution of labeled cones existed outside of the fovea (Fig. 2A,D and B,E) .
The density of red-green-sensitive cones was quantified across the retinal surface. We found neither a foveola or a major central peak in cone density in the owl monkey. The highest plateau in the density of immunocytochemically labeled cones was in central retina and ranged between 6600 and 7000 cones/ mm2. This value decreased to approximately 2800 cones/mm2 in the periphery (Figs. 5B, 6B) . Thus, unlike in the rhesus monkey, the central to peripheral gradient in cone density in the owl monkey was only 2-3-fold.
In retinal whole-mounts of the owl monkey, the region of the fovea1 pit or area centralis can be located with the aid of a dissection scope and was found in an avascular area temporal to the optic disk. However, as illustrated in the isodensity contour plot in Figure 6 , peak cone density was not localized in the fovea1 region in this species. Cone density at the fovea ranged between 5000 and 6000 cones/mm2, approximately 1000 cones/ mm2 less dense than the peak, which was located about 2 mm dorsal to the fovea.
We detected no evidence of 108B-immunoreactive cones in owl monkey retinae (Fig. 20 . The use of DIC optics combined with video microscopy enabled us to discriminate between cones and rods on the basis of the larger size of the cone inner segments (Fig. 1B) . In contrast to the regular distribution of 108B-labeled cones observed in the rhesus monkey retina, thorough exami- nation of the owl monkey photoreceptor mosaic (n = 2) failed to reveal a single 108B-labeled cone profile.
The ratio of rods to cones in the owl monkey was approximately 5O:l over much of the retinal surface. However, ratios between these 2 photoreceptor classes varied significantly with change in eccentricity. In the far periphery of the dorsal retina, the rod-to-cone ratio reached 93: 1. However, at the level of the fovea, it dropped dramatically to 14: 1. Because the density of cones decreased only 2-3-fold from the central to the peripheral retina, the changing numerical proportion of cones to rods reflects significant regional variation in the local density and size of rods across the retinal surface. Thick-tailed bushbaby Using video-enhanced DIC optics to view unreacted and unstained retinae in this species (Fig. 1 C) , it was difficult to discern between photoreceptor subtypes employing routine morphological criteria to discriminate between rods and cones. Application of either 4942A or CSA-1 antibodies to whole-mounted retinae of the nocturnal bushbaby revealed an extensive and regular array of immunoreactive outer segments (Fig. 2G,H) . Because the diameter of all photoreceptors in the bushbaby retina was significantly smaller than that of homologous cell types in the rhesus monkey (cf. Fig. lA,C) , discrimination between rods and cones on the basis of the area of outer or inner segments alone was extremely difficult. Detailed measurements using DIC optics at high magnification revealed that immunolabeled photoreceptors had outer and inner segments that were consistently larger than that of surrounding nonlabeled receptors. For example, in the parafoveal region of the bushbaby retina, the average area of labeled outer segments was greater than the surrounding unlabeled outer segments by about 50% (1.5 pm* vs 1.0 pm2). Furthermore, immunolabeled inner segments were larger than unlabeled inner segments by approximately the same percentage. Finally, the combined length of the labeled inner and outer segment was about 40 pm, whereas the combined inner and outer segment length of unlabeled profiles was approximately 60 Mm. Thus, our analysis reveals that CSA-1 and 4942A labeled a population of receptors that possessed inner and outer segments that consistently showed a larger diameter and shorter length than the inner and outer segments of surrounding label-free receptor profiles.
Immunolabeled retinal whole-mounts provided an ideal preparation for precisely determining the distribution of cones in the bushbaby (e.g., Figs. 2G,H, SC, 6C'). The density of labeled cones in the bushbaby, like the other species examined in this study, was sampled at the fovea, as well as across the retinal surface. The immunoreactive outer segments were distributed regularly and relatively evenly over the surface of the retina. Although the fovea1 pit or area centralis in the bushbaby was not as pronounced as that in Old-or New-World monkeys, a well-defined avascular area located temporal to the optic disk (DeBruyn et al., 1980; Stone and Johnson, 198 1) could be located and can be considered the fovea1 region in this species. The existence of a foveola with a high density of cones has not been reported in previous studies (Ogden, 1975; DeBruyn et al., 1980) . However, the region of the fovea, as defined by the vascular pattern of the retina (Stone and Johnson, 198 l) , could be identified.
The density of CSA-l-or 4942A-labeled photoreceptors in the region of the fovea averaged between 5700 and 6000 cones/ mmz. However, unlike macaques and humans, the fovea1 region in the bushbaby did not coincide with the location of the peak cone density. Peak cone density in the bushbaby, as revealed by the immunostaining observed with the 4942A or CSA-1 antibodies, ranged between 7500 and 8500 cones/mm* and was located approximately 1 mm dorsal to the fovea (Figs. 5C, 6C , upper plots). Cone outer segments had an area of 1.5 pm* at the fovea and approached 1 pm2 in the region of peak density. In pericentral retina, cone density ranged from 4000 to 5000 cones/ mm2 and decreased in the retinal periphery to about 1500 cones/ mm*. Thus, in the bushbaby retina, the central-to-peripheral gradient in cone density was little more than 2-3-fold.
Examination of 3 immunoreacted bushbaby retinae incubated with the 108B antibody failed to reveal any positively labeled cone outer segments (Fig. 21) . Although it was difficult to differentiate cones from rods in the bushbaby retina, at high magnification it was at times possible to identify periodic pits or depressions in the outer surface of the mosaic that appeared to correspond in frequency to CSA-l-or 4942A-immunoreactive profiles (cf. Fig. 2G ,H to Z). Our examination of these profiles across the retinal surface failed to localize any 108B-immunoreactive receptors in the bushbaby retina.
Immunolabeling with the CSA-1 and 4942A antibodies enabled us to quantify the ratio of rods to cones in the bushbaby retina. Our analysis showed that there are at least 60 rods for every cone over much of the retinal surface, with values ranging as high as 100: 1 and as low as 39: 1. The higher proportion of rods to cones was found in the extreme retinal periphery, whereas the lowest ratio was located at the fovea. The density of rods was very high across the entire surface of the bushbaby retina, but decreased abruptly at the fovea. However, within 0.5-l mm from the fovea, the ratio of rods to cones increased to 60: 1.
Discussion
The availability of the cone-specific monoclonal antibody CSA-1, as well as 2 antibodies raised against defined polypeptide sequences for either the red/green opsin (4942A) or the blue opsin (108B), allowed us to identify subpopulations of cones across primate species with different color vision capacities. Our results with the CSA-1 and 4942A antisera reveal that red-and green-sensitive cones are present in all species examined. In contrast, the results with the 108B antibody suggest that bluesensitive cones are present in diurnal Old-World monkeys but are missing in the retinae of nocturnal New-World monkeys and prosimians. Examination of immunolabeled retinae in this study provides the first direct evidence that the redgreen-sensitive cone pigment is present in nocturnal prosimian species. Furthermore, these immunocytochemically identified cones are organized in a regular array across the retina. The distribution of labeled cones and the proportion of cones to rods show some surprising similarities and differences between primate species that may explain associated differences in visual capacity.
Immunolabeled cone subtypes in the rhesus monkey Double-labeling experiments have demonstrated that the CSA-1 and 4942A antibodies specifically label both red-and greensensitive cones in the pig (Rohlich et al., 1989) and human (Lerea et al., 1989) retina. The antibody 108B labels only bluesensitive cones in the human retina, and the distribution is reciprocal to that of 4942A-labeled cones (Lerea et al., 1989) .
As expected, in the present study, these 3 antibodies labeled discrete subtypes of cones in the rhesus monkey retina. Using morphological criteria, we were able to determine that all immunolabeled photoreceptor profiles in the macaque retina were cones. Rods were never immunolabeled with any of the 3 antibodies. Careful examination of CSA-l-or 4942A-immunolabeled macaque retinae consistently revealed that an average of about 10% of the cone outer segments were not immunoreactive. The proportion and relative distribution of cones in the macaque retina labeled with the blue-opsin-specific antibody 108B appears to correspond to the distribution of cone outer segments left unlabeled by CSA-1 or 4942A antibodies. Furthermore, the pattern of labeling of cone subtypes with the set of antibodies used in this study is similar to the distribution of cone subtypes in the rhesus monkey retina identified by other means (Marc and Sperling, 1977; de Monasterio et al., 198 1, 1985; Szel et al., 1988) .
Cone subtypes of the nocturnal New-World monkey and ulation of cones were short-wavelength sensitive in this species (Bowmaker et al., 1985) . By extension, one could expect that the owl monkey, a nocturnal New-World species, may possess an even lower number of blue-sensitive cones, or that they may be absent.
prosimian Using the distribution of the photoreceptor subtypes of the macaque retina as a point of comparison, we applied these antibodies to the retinae of nocturnal primates. This comparison is of particular interest because it has been hypothesized that differences in color vision may be correlated with differences in the presence or distribution of photoreceptor subtypes (Walls, 1942; Ehrich and Calvin, 1967; Hughes, 1977; DeValois and Jacobs, 1984) . For example, behavioral studies indicate that, though the owl monkey can discriminate between red and green light (Ehrich and Calvin, 1967) , its photopic spectral sensitivity is low and resembles protanomalous trichromacy in humans (Jacobs, 1977a, 198 I) . Additionally, though diurnal prosimians (e.g., ring-tailed lemurs) are known to be trichromats (Blakeslee and Jacobs, 1985) , there is no comparable study of color vision in nocturnal prosimians. However, in none of these nocturnal primate species has the proportion and relative distribution of the different photoreceptor subtypes been examined.
Ogden was able to histologically demonstrate the presence of cones in the owl monkey retina and, after quantification of a limited sampling area, concluded that the retina of this primate species is rod dominated (Ogden, 1975) . Having demonstrated that CSA-1 and 4942A label both red-and green-sensitive cones and that 108B labels blue-sensitive cones in Old-World diurnal monkeys, we also examined the pattern of immunoreactivity in nocturnal prosimians and New-World monkeys. Our study clearly demonstrates the presence of immunoreactive cones at all eccentricities in the retinae of both the bushbaby and the owl monkey. Unlike diurnal macaques, all cones in our nocturnal primates were labeled with the CSA-1 and 4942A antibodies. Conversely, the 108B antibody failed to label any cone profiles in either the owl monkey or the bushbaby retina.
One explanation for our inability to find blue-sensitive cones in the nocturnal species could be that the 108B antibody recognizes an epitope of the blue-sensitive cone pigment that is not maintained across these primates. This finding could be interpreted as indicating that this epitope has not been conserved through primate evolution. However, several lines of evidence lead us to suggest that blue-sensitive cones may not be present in the retina of owl monkeys and bushbabies. First, our examination of CSA-1-or 4942A-reacted retinae indicated that all cones in the retinae of the nocturnal species are immunoreactive and thus are red/green-sensitive. It is unlikely, moreover, that blue-sensitive cones in the nocturnal species are reduced in size and thus are indistinguishable from rods, because previous studies have clearly demonstrated that all cones in the owl monkey are consistently larger in size than adjacent rods (Ogden, 1975) . Second, we recently have labeled blue-sensitive cones in the retinae of the squirrel monkey (Saimiri sciureus) and the opossum (Monodelphis domestica) using the 108B antibody (unpublished observations). Because this antibody successfully labels an epitope of the blue-cone opsin in species as diverse as humans and marsupials, we would expect that the 108B antibody should label cones in the nocturnal primates as well, if they were present. Finally, microspectrophotometry of photoreceptors in the retina of the squirrel monkey, a diurnal
New-World monkey, indicated that only 4% of the total popThese data raise the possibility that, though classified as trichromats, the color-vision abilities of these nocturnal species may not be subserved by 3 subpopulations of cones as is the case for Old-World monkeys and humans. Instead, in the owl monkey and bushbaby, trichromatic color vision may be subserved by only 2 cone pigments and rhodopsin (Blakeslee and Jacobs, 1985) . We cannot directly address this possibility in the present study because, due to the 96% sequence homology between the red and green photopigments, these wavelength-sensitive pigments presently cannot be differentiated with available antisera.
Cone and rod topography in nocturnal and diurnal primates
In addition to the obvious difference in the frequency of cone subtypes for the species examined in this study, 2 important features of photoreceptor topography differed between diurnal primates with well-developed color vision abilities and species that are active at twilight or at night.
First, in the diurnal Old-World macaques, there was a high density of cones in the fovea, which was not found in the nocturnal New-World or prosimian species (see Figs. 5, 6) . In fact, peak cone density was not located at the fovea (as defined by either the extent of the pit or the vascular pattern of the retina) in both nocturnal species. Therefore, the peak of the cone topography is not necessarily centered as the fovea1 pit in all primates. Evidently, only in Old-World higher primates such as rhesus monkeys and in humans has the fovea1 region become specialized for acuity and color vision. This specialization occurs by the clearing of cells in the ganglion and inner nuclear layers (Hendrickson and Kupfer, 1976) and cone pedicles in the outer plexiform layer (Schein, 1988) , as well as by the development of a cone peak in spatial register with the fovea1 pit (Curcio et al., 1987) . Recent experimental manipulations of the primate retinal ganglion cell layer indicate that the development of a fovea1 pit is related to ganglion cell density (Leventhal et al., 1989) . This finding, in addition to the results in the present study, indicate that the development of the primate fovea may be independent of the development of peak cone density at the foveola.
Second, we found a much higher ratio of rods to cones in the owl monkey and bushbaby, and a much higher density of rods, in comparison to the rhesus monkey retina. This high rod density is the result oftheir smaller diameter in the nocturnal species (see Fig. 1 ). The highest rod-to-cone ratio in the rhesus monkey was 3540: 1, with the highest density of rods averaging 180,000 rods/mm2 in the dorsal retina. In contrast, the highest proportion of rods to cones was 93: 1 in the owl monkey and 100: 1 in the bushbaby. Rod peak density was 325,000 rods/mm* in the owl monkey retina and 450,000 rods/mm2 in the bushbaby retina (Figs. 5, 6) .
The difference in rod density between the 2 nocturnal species suggests that the overall proportion of photopic to scotopic receptors in these primates may vary not only according to a species adaptation to visual activity at either high or low illumination levels, but also to the species' phylogenetic history.
We suggest that the lower density of rods found in Aotus, in contrast to that in the bushbaby retina, may reflect the owl monkey's diurnal ancestry (Ciochon and Fleagle, 1985; Pariente, 1979) .
One of the features of the photoreceptor mosaic shared among the 3 species examined in this report is the density of red/greensensitive cones. In the diurnal macaque, outside of the fovea, the density of these cones was similar to that across the entire retina in the nocturnal prosimian and New-World monkey (Figs.  5, 6 ). Due to the smaller size of the owl monkey and bushbaby retina [given the comparable size of the visual field across all primates (Casagrande and DeBruyn, 1982) ], the number of cones per degree of visual field is about % of that in the rhesus monkey, in spite of the similar density per unit of surface area. However, the major difference in cone topography between diurnal and nocturnal primates is a restricted l-2-mm2 area in the central retina of Old-World monkeys and humans.
Finally, in all 3 species examined, the peak in rod density was located in dorsal retina (the DRP) and not within or near the fovea (see isodensity contour plots in Fig. 6 ). Although expected for the diurnal species, we were surprised to find the scotopic peak not aligned with the fovea in nocturnal primates. The decrease in rod density and increase in their size at the fovea in nocturnal primates suggests that the fovea1 region in these species may be important for sensitivity at low light levels and not for spatial acuity.
Issues concerning the phylogeny of primate color vision The nocturnal prosimians are considered to be the most primitive living primates and resemble, in a number of anatomical and behavioral respects, the ancestral species that gave rise to present-day monkeys, apes, and humans (e.g., Allman, 1981) . Cranial endocasts indicate that Eocene primates had large eyes specialized for night vision and a relatively large primary visual cortex in the occipital lobe, much like the present-day bushbaby (Martin, 1989) . Our comparison of the retinae of living nocturnal and diurnal primates appears to buttress the long-held view that early primates were nocturnal. The relatively large eyes, presence of a reflective tapetum lucidum, and lack of a central elevation in cone density and relative increase in rod density, as well as the enhanced scotopic acuity (Langstan et al., 1986) found in nocturnal prosimians relative to diurnal primates, suggest that the early primate retina was specialized, in all probability, for nocturnal vision.
The most likely function of cones in primitive nocturnal primates may not have been related to color vision or photopic acuity because cone size and spacing per degree of visual field in the retina of the owl monkey and bushbaby can only support a level of photopic acuity significantly inferior to that of macaques or humans (Jacobs, 1977a) . Furthermore, nocturnal primates are exposed predominantly to green and blue wavelengths rather than to the full wavelength spectrum available at high illumination levels (Wright, 1989) . Because wavelength discrimination is coded by the differential output of 2 different photoreceptor types (rather than the sum of their output, as is the case for intensity discriminations), there is little information available in the environment for color discrimination at low light levels (DeValois and Jacobs, 1984) .
The presence of cones in nocturnal primates and the fact that they are probably not used extensively for wavelength discrimination suggest that the original function of cones may have differed from their current function in diurnal primates. For example, the photopic system of early primates may have been important for the detection of circadian fluxes in illumination levels. Field observations of nocturnal prosimians indicate that the onset and cessation of locomotor activity corresponds to small differences in ambient light levels at dusk and dawn (Bearder and Martin, 1980) . These intensity levels correspond to those necessary for the activation of cones at low light levels (Martin, 1989) . Also, Jacobs et al. (1979) suggest that the visual capacity of the owl monkey "to discriminate relatively fast temporal changes in very dim light" may be related to the function of cones at low illumination levels. Further studies exploiting the use of immunocytochemical probes, which allow precise identification and unambiguous quantification of photoreceptor types in comparative and developmental studies of the visual system, may elucidate the ways in which developmental mechanisms for the generation of photoreceptor number and distribution are altered during evolution.
